Ion transport across membrane is crucial in living cells. Proteins that serve as ion channels or carriers provide this activity. The desire to understand these proteins, along with the need for new antibiotics, has spurred development of ion channel models. This short review describes the utilization of bile acid-polyamine conjugates as synthetic ionophores and extremely useful leads in the process of drug discovery. Relevant examples are included to illustrate the use of bile acidpolyamine conjugates as synthetic ionophores.
Introduction
Due to emergence of drug-resistant strains of microorganisms there is significant need for a new class of antimicrobial agents to which bacteria or fungi would be unlikely to develop resistance. Drugs that function at membrane level are less likely to encounter resistance by microbes 1 than drugs that operate at the cytoplasmic or nuclear level as in the former case cell death takes place without entering the cytoplasm of the microbe. The new class of membrane-disrupting drugs is ideal for this purpose. Many membrane active antimicrobial agents are known. 2 These molecules generally have cationic residues along with hydrophobic aminoacids. In these compounds generally the cationic residues are clustered on one face of the molecule, while the hydrophobic part is on an opposite face. 3 These molecules can therefore be schematically represented as shown in figure 1 . Ionophores are the compounds that transport the ions across the phospholipid bilayers. Interest in the design and synthesis of such molecules has intensified in recent years. These molecules could find use in the development of novel ionophoric devices. 4 The ultimate goal of this review is to discuss the recently designed pore forming amphiphiles/ionophores that can "punch" holes in the plasmamembrane of bacterial and fungal cells, but not in mammalian membranes. Such holes are expected to result in the rapid release of vital cellular constituents and ultimately in cell death.
Design of ionophores as Amphotericin B mimics
Amphotericin B (Amp B) 1 is a widely used antifungal drug for systemic fungal infections. 5 It kills the cells by punching holes in the cell membranes. Drug resistance towards Amp B is extremely rare during its therapeutic use. 6 However, due to its high toxicity and apparent inability to be metabolized, there was a need of biodegradable alternatives with higher membrane selectivity. Regen and coworkers sought the simplest molecules that are capable of forming ion channels and synthesized 7 sterol-oligo conjugate 2. The compound 2 obtained from 5-androstene-3в 17в -diol exhibited significant ionophoric activity and is viable as a functional equivalent of Amp B.
Design of ionophores as Polymyxin B mimics
Acquired resistance to membrane active compounds requires significant changes in the membrane structure to cause alterations in membrane permeability. 8 Polymyxin B (PMB) 3 contains a lipophilic acyl chain and a heptapeptide ring that is responsible for lipopolysaccharide (LPS) binding. Resistance to PMB involves modification of LPS in the outer membranes of Gram negative bacteria. 9 Since PMB is difficult to prepare and purify simple molecules capable of associating with LPS and alter the permeability of Gram-negative bacteria were designed. 10 There are two major approaches in designing PMB mimics i) Design of cationic peptides containing cationic and hydrophobic amino acids ii) Modification of steroids with amino acids and/or polyamines. This review will provide a detailed description of the second approach.
Initial steroid based mimics of PMB were designed on simple modeling of PMB by using bile acids. 11 In PMB the amine groups on the macro ring are oriented on one face of the molecule but are segregated from the hydrophobic groups. PMB mimics 4 to 6 have been synthesized from cholic acid. Bile acids have attracted significant attention due to availability and the orientation of the hydroxyl groups, that may be exploited in pedant-type receptors, 12 linear dimeric hosts 13 or facial amphiphiles. 14 In addition, bile acids are natural ligands specifically recognized by hepatic cells and are amphiphilic molecules that undergo a biological recycling during enterohepatic circulation. 15 Amino groups have been separated from the hydrophobic steroid moiety by ether linkage with streochemically oriented oxygen atoms which force the amine groups to occupy one face of the steroid. This allows the cholic acid derivatives 4 to 6 to exhibit facial amphiphilicity common to cationic peptide antibiotics. Compound 5 shows potent bactericidal activity against Gramnegative and Gram-positive bacteria while compound 4 which has no hydrophobic chain at C-24 does not show bactericidal activity against Gram-negative bacteria. This parallels to that of PMB and its derivatives. 16 As a potential means of increasing the cell selectivity of cationic steroid antibiotics, amino acids have been attached to steroid scaffolding. The rationale for using amino acids is that the amino group will provide the cationic recognition and the side chains may provide additional associative interactions with a specific binding target, thereby increasing the affinity and potentially the selectivity. Amino acids are incorporated on to cholic acid by ester 17 or amide 18 linkages to yield compounds 7 and 8.
Bile acid hybrids of chiral aminoalcohols
By making use of the amphiphilic nature of bile acids and broad spectrum antibiotic activity of chloramphenicol 9 we have recently designed and synthesized 19 eight new amides (18 to 25)
derived from chiral amino alcohols (10 to 13) and bile acids such as cholic acid 14 and deoxycholic acid 15 (Scheme 1). Some of these easily accessible amides showed moderate antibacterial and antifungal activities. Antibacterial activity data of compounds 18 to 25 showed that some of the newly synthesized amides are active against Gram-positive bacteria. Among them compound 25, synthesized from deoxycholic acid and amino alcohol 13 showed moderate antibacterial activity against most of the Gram-positive bacteria while compounds 18, 21, 22, 23 and 24 are active against some of the Gram-positive bacteria.
Antifungal activity data of compounds 18 to 25 showed that only compound 20, which was synthesized from deoxycholic acid and amino alcohol 10 was found to be active (IC-50, 62.5 µg/ml) against pathogenic fungus Cryptococcus neoformans. This might lead to the development of new drugs.
Design of ionophores as Squalamine mimics
Squalamine 26 is a novel steroid-spermidine conjugate that has recently been isolated 20 from tissues of the dogfish shark, Squalus acanthus. This unusual natural product shows antimicrobial activity against a broad spectrum of microorganisms. In common with Amp B 1 that consists basically of a lipophilic half and a polar half in a large ring, squalamine may be depicted in a similar cyclic form 27. This salt-bridged cyclic form consists of an upper lipophilic sterol part and lower part is hydrophilic polyamine chain. In this form squalamine could function as an ionophore. 21 Formation of this salt-bridged cyclic form is observed to be facilitated by a hydroxyl group at the C-7 position during structure minimization in PCMODEL
The minimum structural elements that are necessary to create the functional equivalent of squalamine mimic would consist of i) a rigid hydrophobic unit, ii) a flexible hydrophilic chain that is linked to hydrophobic unit, iii) a pendant polar head group. Based on this, mimics of squalamine have been prepared in which polyamines are attached to a variety of steroid molecules including cholic acid and deoxycholic acid. Squalamine mimics 28 to 34 were designed and easily synthesized from bile acids by exchanging the positions occupied by the sulfate and polyamine groups. Many of these compounds displayed antibacterial activities comparable to those of squalamine. Among this squalamine mimic 28 demonstrated potent synergism with rifampin against many Gram-negative organisms. 22, 23 Squalamine mimics 35 to 38 functions as ionophores and exhibit membrane selectivity based on surface charge. 24 phosphotidylcholine vesicles however this transport activity decreases substantially as the thickness of the bilayer is increased. A dendritic approach to the construction of a homologous series of pore-forming amphiphiles has been reported, 29 based on the use of spermidine, spermine, lysine, and cholic acid.
Bile acid dimers as synthetic ionophores
A common feature of bile acid derived antimicrobials is the potential to exhibit facially amphiphilic conformations. Facial amphiphiles are the compounds, which contain hydrophilic as well as hydrophobic surfaces. 3 Polyene macrolide antibiotics like Amp B 1, peptide antimicrobial agents such as polymixin-B (PMB) 3 and sterol polyamine conjugate squalamine 26 can achieve such type of amphiphilicity. 30, 31 Although squalamine mimic 28 to 38 and PMB mimics 4 to 8 are morphologically dissimilar, they display similar activities.
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Based on these observations we thought of an amphiphile topology that has not previously received much attention in synthetic systems: partially rigid structure with three discrete faces, two of which are non-polar and one polar face sandwiched within non polar faces (figure 2). In this system, the steroid skeleton provides hydrophobic surface and hydroxyl groups can play a job of polar head group. Different linkers can be used so that additional hydrophobicity can be achieved. To support our hypothesis novel steroidal dimers 43 -46 were synthesized (Scheme 2) and their antifungal activity was evaluated. 33 Very recently clinical researchers in London reported exciting antitumor activity by the antifungal drug 34, 35 trichostatin A. Therefore we also examined antiproliferative activity of these newly synthesized steroidal dimers.
Scheme 2
Reagents and conditions: a) Ethylenediamine, DMF, 25 0 C, 1. The results suggested that compound 45 has potential as an antifungal agent when tested against both pathogenic and non-pathogenic fungi. Thus compound 45 may lead to a very good antifungal agent as it is selectively toxic to fungal cells at nanomolar concentration and does not have any profound effect on cell proliferation. On the other hand compound 44 which is not at all active against fungal cells exhibited good antiproliferative activity. The growth suppressive effect of compound 44 and 46 appears to be influenced by the length of side chain present. Since compound 43 and 45 had no effect on cell survival, the absence of hydroxyl group at C-7 position plays a critical role in toxicity of these compounds towards human cells. Thus extensive SAR studies should be carried out so that one can reach to the appropriate explanation for the presence or absence of a particular functionality in these dimers.
Conclusions
Due to emergence of drug resistance strains of microorganisms, there is a significant need for a new class of antimicrobial agents. Mimics of amphtericin B, polymixin B and squalamine derived from bile acid showing ionophoric activity may be probable candidates of this class as membrane active drugs. Studies regarding formation of channels by our compounds are under investigation.
